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CHAPTER 1. GENERAL INTRODUCTION 
Photonic bandgap materials 
The last few decades have seen a tremendous explosion in the area of new synthetic 
materials. As we begin to better understand the nature of the atomic and molecular 
bonds it has been possible to systematically search for materials with specific proper­
ties, thanks to the availability of powerful supercomputers. Due to significant advances 
in material synthesis a rich variety of artificial materials whose mechanical, chemical, 
electronic and optical properties can be suitably tailored can now be produced. Some 
of the materials (plastics, synthetic fibers, ceramics, alloys etc.) can replace or substi­
tute traditional matericils zmd yet some others have managed to create new applications 
themselves (semiconductors, superconductors, optical fibers etc.). Over the last decade 
after the work of Yablanovitch [l] on possible ways of inhibiting spontaneous emission 
and Sajeev John [2] on localization of light in strongly scattering dielectric structures, 
there has been an ongoing search for fabricating a new kind of artificial material that 
can manipulate light as never before. This material would have potential applications in 
optics and optoelectronics, catalysis, opticcil switches leading to optical computing. We 
are already familiar with various structures that can manipulate light such as mirrors, 
prisms, lenses, gratings, waveguides and filters. All of these devices have one common 
feature: that is, they cannot confine electromagnetic radiation without any restriction 
on the direction of propagation or loss of energy (absorption). The new material would 
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confine light in a certain frequency band subject to certain material pcu-cuneters with­
out any restriction on the propagation direction. Such a structure would then have the 
unique property of localizing light and controlling spontcmeous emission by excluding 
electromagnetic modes in a given frequency range. The object is to create a bandgap 
in which electromagnetic wave propagation is forbidden much Uke in a semiconductor 
where electrons with certmn momenta corresponding to a certciin energy gap is forbid­
den. The origin of the electronic band gap is due to multiple scattering of electrons in a 
three dimensioned periodic potenticd well. The analogous quantity to potential here is of 
course, the dielectric constant of the medium. So the new material is called a photonic 
band gap material which consists of a periodic array of different dielectric media in three 
dimensions with sufficiently large contrasts in the index of refraction to open up a band 
of forbidden frequency of electromagnetic waves in all directions. The idea of a photonic 
band gap material in one dimension is not so new and hcis been used in distributed 
Bragg reflectors and Fabry-Perot filters. They in general consist of a periodic array of 
alternating layers of different dielectric constants. The thickness of the layers is on the 
order of the wavelength of the desired forbidden region. The analogous structure in the 
electronic Ccise would be a quantum well superlattice which has alternating layers of 
different semiconducting band gap materials. 
Photonic band gap effects were observed as early as in 1914 during x-ray diffraction 
studies but were not dramatic due to low refractive index contrasts that x-rays experi­
ence inside the crystcil. A vigorous effort in this direction hats been directed by several 
research groups for the last decade with great success in identifying suitable periodic 
structures, dielectric matericils and also experimental demonstration by fabrication and 
characterization of full three dimensional photonic bandgap materials that can oper­
ate up to near-infrared frequencies. The current challenge is in the scaUng down these 
structures to make photonic band gap materials that operate in the visible frequencies. 
This dissertation describes the development of an experimental technique for fabri-
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eating photonic bandgap materials that operate at visible and near-infrared frequencies 
and characterization of the samples produced by this technique. 
Literature review 
The idea of a three-dimensioned periodic dielectric structure as a means to control 
spontaneous emission was proposed by EU Yablonovitch while in Bell Communications 
Research [1]. The motivation Wc»s to create a structure where the photonic gap would 
overlap the electronic gap thereby making it possible for improving the performance of 
semiconductor lasers, heterojunction bipolar trcinsistors and solar cells. This idea was 
independently proposed by Sajeev John while studying the phenomenon of localization 
of light in disordered dielectric superlattices [2]. Several structure bcised on the FCC 
lattice were experimentcdly fabricated by Gmitter and Yablanovitch [3]and transmission 
was mecisured to look for photonic gaps. The brillouin zone for a FCC lattice has more 
spherical symmetry and it is more Ukely that a full three dimensional gap would open up 
when the gaps along individual directions overlap. By this approach it was found that 
only one structure showed a photonic gap. This was an inverse FCC structure made 
by stacking layers of hemisphericcil holes drilled on both sides of a low loss dielectric 
Emerson and Cumming Styccist-12. 
A more systematic search for a structure with a full photonic band gap ensued 
when theorists started looking at this problem [4, 5, 6, 7]. The first attempt was to 
solve the three dimensional Ccise with the scalar wave approximation by decoupling the 
Maxwell's equation. The results predicted gaps for the inverse FCC structure made 
by Yablanovitch but also the FCC structure made out of dielectric spheres, contrary 
to the experimental results. The quantitative agreement between the experimental and 
theoretical values was not good, suggesting that the vector nature of the electromagnetic 
field may be crucial and cannot be neglected. Calculations were mcide using the plane 
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wave expansion method developed earlier [4, 5] for full vector wave and it was discovered 
that the FCC structure did not have a full gap due to degeneracy at the W and U points 
which cannot be lifted for even for index contrasts as high as 4 and filling fraction of 
96% [8, 9, 10]. The Iowa State group proposed a way to Uft this degeneracy by choosing 
the diamond lattice with dielectric atoms [10, 14]. For a fixed dielectric constant of 
3.6 a full photonic gap persisted for both dielectric spheres cis well as air spheres for a 
good range of filling fractions. The diamond structure was experimentally fabricated by 
drilling cylindrical holes into a dielectric material[15]. Measurements on this structure 
showed a full band gap with mecisurements in good agreement with theory. 
Following the success of the diamond structure experimental fabrication began in 
full swing. A simple layer-by-layer approach was designed by the Iowa State group 
[16] exliibiting a full photonic band gap in the range of 8.5-10 GHz. The structure was 
fcishioned by stacking layers of cilumina rods in a criss-cross fashion. The flexibility of this 
structure maikes it easier to make different measurements to test the agreement between 
theoretical calculations and experiments. The relative simplicity of the structure hcis 
made scaling down to a smaller length scale very easy. The structure was again fashioned 
by the Iowa State group by stacking silicon wafers with squcire holes etched in them in a 
square pattern that increased the frequency of the gap into the terahertz regime [17, 18, 
19] followed by a structure obtained by Isiser machined alumina wafers [20]. The layer-by-
layer structure has been fcishioned using silicon processing technique to obtain a gap in 
the infrared region [21, 22]. Currently this structure has been scaled down to 800nm with 
a wafer bonding technique using GaAs as the dielectric material [23]. As the structure is 
scaled down to micrometer and sub-micrometer regime, ahgning the subsequent layers 
becomes very difficult and sample yield starts to decrease eis additional layers are stacked. 
Even though the layer-by-layer approach can give high quahty structures that possess full 
three dimensional gap for considerably lower index contrast, the fabrication procedures 
available currently makes it very tedious and expensive. 
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For micron cind submicron length scale photonic bandgap materials the experimental 
community once agcun turned to the FCC structure. The reason was two fold: one was 
that further band structure calculations indicated that FCC structure indeed does have 
full gap between the 8th and the 9th band [11, 12]; the other was colloidal self organiza­
tion of monodisperse submicron spheres [13]. It has been long known that naturcil opals 
have an interesting optical property where wavelength of the reflected color changes when 
viewed at different angles in white light: opaJescence. In 1964, Sanders, Jones cind Segnit 
[24] discovered that opals were composed of spherical particles of amorphous silica in 
the size range of l.Sfxm —3.5/im which is arranged hexagonally in layers which are either 
in random close packed, FCC or HCP [25]. Monodisperse submicron sized spheres of ei­
ther silica or polystyrene can now be synthesized artificially by using Stoeber-Fink-Bohn 
technique or by emulsion polymerization of styrene [27] respectively. If a suitable volume 
fraction is used [26], the monodisperse spheres order to form colloidal crystals. Optical 
properties probing photonic band gap such cis transmission, reflection and diffraction 
were first measured in artificial opal structures made from monodisperse polystyrene 
colloids [28, 29, 31, 49]. Transmission data typically shows dips corresponding to Bragg 
diffraction and scale with the diameter of the spheres. Similar measurements were also 
made on crystals obtained from silica sphere colloids [33, 34]. The pzu-ticles are typi­
cally crystallized by gravity sedimentation or along the walls of a cuvette. The crystal 
structure of colloidal crystals produced this way have been studied by performing small 
angle x-ray scattering (SAXS) measurements using synchrotron radiation which shows 
evidence of FCC ordering [32]. In order to avoid the uncertainty of the crystal structures 
(FCC, HCP or random close packed) resulting from self eissembly, techniques have been 
developed for growing a single crystal. A template can be formed on a photoresist layer 
on a substrate with pits arranged to form a 100 face of the FCC lattice. The crystal 
grown by gravitational sedimentation stacks and grows along the FCC (100) direction 
resulting in a single crystal, avoiding the twinning problem [35]. Another technique 
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involves a convective assembly approach using capillary forces and can produce single 
crystals of 100 layers of ~ 1cm square [44]. Large area ( 2cm x 0.5cm) size colloidal 
crystals can also be produced using forced injection of colloidal solution into a laterally 
constrained substrate [47]. Experiments were also done to study the effects of transmis­
sion characteristics on the spontaneous emission properties by infiltrating luminescent 
dyes whose broad spectrum included the transmission dip. A notch in the fluorescence 
spectrum was observed at the location of the transmission dip [36, 37, 38]. 
As the direct FCC structure does not show a full gap efforts were continued to 
produce an inverted FCC structure using the colloidal crystal as a template. One of 
the early attempts were to produce porous network of titania using emulsion templating 
[41]. The technique demonstrated that an interconnected network of uniform pores 
in a titania background can be produced. However, the structure did not show any 
crystalline order. This weis followed by a number of techniques in which a template 
of FCC ordered silica or microspheres was first synthesized and then infiltrated with 
different background materials, either as ceramic precursors [30, 39, 40, 49], metals and 
polymers[45, 46, 48, 50] or semiconducting nanoparticles [43]. The template material 
was then subsequently removed by calcination in case of polystyrene or by etching with 
HF in Ccise of silica templates. Samples produced using ceramic precursors and solgels 
typically yielded small sample sizes due to breakage. In yet another approach colloidal 
crystallization can be done simultaneously while a high index background material is 
introduced. This technique was used to produce thin film inverse FCC type [51, 52] 
photonic crystals of typical sizes of 1cm x (2 — 3)mm x (10 — 20)/im . This technique 
is the subject of this dissertation and will be described in detail in the forthcoming 
chapters. Bulk photonic crystal samples have been made by using a similcu: approach 
and their optical property was measured independently by another group confirming the 
validity and the simplicity of this approach [42]. 
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Research goals 
The goal of this dissertation is to develop a technique for fabricating inverse FCC 
photonic crystals that Ccin operate at the visible cind near infrzired frequencies. The 
technique essentially focuses on employing self organizing systems such as monodisperse 
colloidal systems of polystyrene microspheres as a basis for forming periodic structure 
at submicron dimensions. The main task is first to show that the experimental pro­
cedure for fabrication developed in this dissertation actually has the desired structure. 
Demonstration of structural characteristics is done by means of optical microscopy and 
scanning electron microscopy. 
The other task is to demonstrate that the photonic structure so produced indeed 
shows effects due to photonic bandgap. Optical spectroscopy of the samples is used to 
show that these samples possess the pseudogap that has been theoretically predicted for 
photonic crystals with this composition. This work is the subject of a patent applica­
tion filed on Januciry 4, 2000 entitled "Fabrication of photonic bandgap materials using 
ceramic processing techniques". 
Dissertation organization 
In this dissertation, an alternative thesis format is followed that allows the inclusion 
of papers published (or submitted/to be submitted) in scholarly journals. Each subse­
quent chapter consists of a paper presented exactly the way it was published or will be 
submitted. 
In the general introduction a brief theoretical background and an extensive review 
of theoretical and experimental literature in the area of photonic band gap materials is 
provided to set the stage for discussions in the remaining chapters. This introductory 
material should provide sufficient framework to understand the research work described 
in this thesis. A brief abstract to each chapter is provided here. 
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Chapter 2 describes in detail the theoretical motivation for the choice of FCC struc­
ture for fabricating optical frequency photonic crystals. A section containing a brief 
review of the theory of colloids as well as colloidal crystallization which forms the basis 
of the experimental work is included. This is followed by a section describing theoretical 
predictions of the effects of imperfections and non-ideaUties that are inherent to any 
experimental technique. Chapter 3 describes the fabrication of one of the first three 
dimensional thin film photonic crystal of the inverse FCC type on a substrate. Optical 
reflectance measurements on these samples show characteristic peaks as well as uniform 
bright colors for small enough pore sizes. Excellent ordering in the samples is demon­
strated using SEM mectsurements. Chapter 4 contains the description for the procedure 
for meiking thin film photonic crystals. The parameters that control the formation of 
good crystals are described in detail. Chapter 5 deals with structural analysis of the 
samples produced by the techniques described in chapter 3, compcuring experimental 
peak shift data with infiltration of refractive index liquids as well as variable angle spec­
ular reflectance data with theoreticcil simulation. The comparison yields values for the 
interplanar spacing, filling fraction of air as well as the refractive index of the background 
titania. Chapter 6 describes small angle X-ray scattering measurements on the samples 
using synchrotron radiation to yield crystal structure such as the stacking sequence as 
well as interplanair spacing. The data indicates that the arecis scanned have an FCC 
ordering with the a compression of the [ill] cixis. Chapter 7 gives a summary of the 
research work followed by directions for future efforts. 
Chapter 3 has been published as an article in the special section on electromagnetic 
crystal structures, design, synthesis and applications of Journal of lightwave technology 
17 No. 11, 1970 (November 1999). Chapter 4 has been accepted for publication in 
Synthetic Metals. Chapter 5 will be submitted for publication as a regular article in 
Physical Review B. Chapter 6 will be submitted for publication in Physical review B as 
a brief report. 
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CHAPTER 2. THEORETICAL BACKGROUND 
FCC structure 
Photonic band structure for FCC lattice has been investigated theoretically quite 
extensively. The main motivation being the fact that the FCC structure can be scaled 
down to submicron range. This opens up possibilities for fabricating 3-D photonic band 
gap matericds that Ccin operate at visible and near-infrared frequencies. Ordered periodic 
dielectric structures are found in nature (opals) and can be produced artificially from 
monodisperse silica and polystyrene spheres. A simple FCC structure resulting from 
close packed dielectric spheres does not produce a photonic band gap. It was soon 
recilized that the structure has to be of the inverted FCC type, that is, air spheres in 
a sufficiently high index dielectric medium, in order to achieve 3-D photonic band gap. 
However additional calculations [1, 2, 3] indicated that the inverted FCC structure does 
not have a fundamental gap between the lowest bands. This is because the second and 
the third bands are degenerate at the W point and instead show a pseudogap in the 
photon density of states (Fig. la, b). A full three dimensional gap opens up between 
the 8th and 9th band provided the refractive index contrast is greater than 2.9 [4, 5]. The 
index contrcist requirement for a full gap is still very high to find a suitable material for 
making photonic crystals at visible wavelengths. Variations on the bcisic FCC structure 
with lattice constant A can reduce this requirement to as low as 2.7 to open a full gap 
between the 8th and the 9th band [4]. If the spheres at the FCC lattice sites cire 
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Figure 1: Photon density of states for an inverse FCC lattice structure compared to the 
free space photon DOS a) background index n=2.50 b) bcickground index n=3.10 
connected by thin dielectric cylinders, a connected dielectric network can be formed. 
For a filling fraction of the dielectric of 25% and index of 2.7, a full gap forms which 
widens as the contrast is increased. The optimal value of gap occurs for a cyhnder radius 
of = 0.48 connecting spheres of rcidius ^ = 0.23. Another variation of the FCC 
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structure is composed of larger spheres (typiccilly ^ = 0.23 ) surrounded by 12 small 
spheres (-^ = 0.082), that reside symmetrically between the large spheres, in the (110) 
direction. The spheres do not touch and for this geometry the filling fraction of the 
dielectric is 27%. This system possesses a full gap that is sUghtly lower in magnitude 
than the rod connected network. 
For experimentally fabricating a photonic band gap material of submicron lattice 
constant the direct FCC is the easiest to produce by self organization of monodisperse 
microspheres from coUoidaJ suspensions. The other variation can be synthesized by using 
binary suspensions or from suspensions of non-spherical colloidal particles. However 
the equilibrium structure that is obtained by self organization of polydisperse colloidal 
systems with different moieties can be extremely complex depending on the ratio of 
the particle dimensions as well as concentration [6, 7]. The inverted FCC structure 
can be fabricated by using direct FCC structure as a template and filling the inter-
sphere region with a suitably high-index material, and then removing the template. 
The colloidad crystals produced by spontaneous ordering of monodisperse spheres suffer 
from problems similar to those associated with crystal growth of atomic systems such 
cis polycrystallinity, defects and stcicking faults. Therefore it is worthwhile to examine 
the behavior of colloidal systems. 
Colloidal systems 
A substance consisting of particles in the size range of 1-lOOOnm in diameter, sus­
pended in a continuous dispersing medium is termed a colloid. With the exception of 
one gas in another gcis, we can obtain colloidal systems for all combinations of solid, 
liquid or gais as particle and dispersing medium. Examples of systems are foam (gas in 
liquid or solid), aerosol (liquid or soUd in gas), colloidal sol (solid in Uquid) and emulsions 
(liquid in liquid) [8]. In the rest of this section we will devote our attention to colloidal 
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sols of solid pcirticles in liquid medium, in petrticulcur water, cks colloidal suspensions used 
for making photonic crystals were aqueous. Colloidal sols can be classified based on 
the dispersed particles as monodisperse (composed of particles of uniform size), binary, 
ternciry or quarter nary (composed of 2, 3, 4 different sizes of particles respectively) and 
polydisperse (particles with continuous range of sizes). 
Stability of colloids 
Colloidal pcirticles such as polystyrene or silica sub micrometer spheres or ceramic 
particles are usually charged when dispersed a in polar media such as water. Particles 
can acquire surface charge by preferential adsorption of anions or cations. The sign of 
the charge can be altered from negative to positive passing through zero by changing 
the pH [9]. The pH corresponding to the zero charge is called point of zero charge 
(PZC). Colloids of polystyrene microspheres used for producing the photonic crystal 
have sulfate groups on their surface giving them a negative charge. The stabihty of 
colloidal suspension is described by the Derjaguin-Landau-Verwey-Overbeek (DLVO) 
theory which describes the balance between the electrical double layer repulsion and 
van der Waeil's attraction. The double layer consists of two regions: an inner region 
composed of adsorbed counterions(the Stern layer) which moves with the particle and 
a diffuse region containing the remaining excess of the counterions (Fig. 2 a). The 
charge distribution around a particle can be obtained by solving the Poisson-Boltzmann 
equation for the potential 
V $ = ^2,EN,OEXP(——) (1) 
€rCo 
where n,o is the concentration of ions of kind i in the bulk of the solution, s, is the 
valence including the sign of the charge and e is the electron charge. Excict analytical 
expression for is difficult to obtain for an cirbitrary case, but for the special case of 
small 
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Figure 2: a) Charge distribution around a spherical colloidal particle. The stem layer 
is attached to the colloidal particle and moves with it. b) Plot of DLVO potential for 
interaction between two colloidal particles. The psirticles do not agglomerate if their 
mean separation is farther than the energy barrier. 
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surface potential cind a spherical pcirticle of radius a the potential is given by, 
^ _ ^^2.^xp[—K{r — a)] (2) 
r 
e2 
-2  ® „  _2 K = 
ereokT Tl.,o2j (3) 
where r is distance from the center of the sphere, ^ is the characteristic quantity CciUed 
the Debye length quantifying the thickness of the double layer and is the surface 
potential at the Stem layer which can be expressed in terms of the chcirge Q, 
Q = 47raereo^o(l + (4) 
The solution described in expression (2) is for an isolated electrical double layer. We 
consider an interacting double layer to determine the repulsive term in the DLVO po­
tential. In general, for two colloidal spheres this term needs to be evaluated numerically. 
However for obtaining a form of the DLVO potential we can use the Derjaguin approx­
imation where the reidius of curvature of the colloidal particle is assumed to be large 
compared to the double layer thickness and the electrolytes in the solution are assumed 
to be symmetric (i.e., there are equal numbers of ions no with valence z as there are 
with valence —z). In that case, the expression for the repulsive force is given by [9] 
^  ^  QArinTzakTj^ ,  r r N  
AFiz =  2 e x p { - K H ) ,  (5) /c 
where 7 = and H = i? — 2a is the closest distance between the surfaces of 
spheres of radii a. The attractive component to the DLVO potential comes from the 
dispersion forces. The expression for this term weis obtained by Hamaker in 1937 [10] 
by extending the London's expression for dispersion interaction between two molecules 
to two macroscopic bodies. At constant temperature, the work done by the attractive 
forces in bringing two particles from infinity to a given separation distance is the Gibbs 
free energy due to dispersion interactions, 
^l2PlP2 
= -[ dv J (6) 
J Vj. V2 ^2 
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where dvi and dv2 are differential volume elements of vi and V2', and pi and p2 are the 
molecular number densities. To simplify the integral Hamaker made some additional 
assumptions [9] and obtained an expression for attraction between two identical spheres 
of radius a with their centers a distance R apart: 
+ 
If we make the substitution H = R — 2a we get 
=  = - W '  W 
where H is the closest distance between the surface of the spheres and A12 = t^^P x P ^^u . 
is called Hamsiker constant. The Hamaker constant contains the effect of the the com­
position of the colloideil particles and that of the intervening medium which for the cal­
culations so far is assumed to be vacuum. If the two spheres are of material 1, separated 
by a thin film of material 2, the Hamaker constant becomes A121 = + -^22 — 2Ai2. 
The total DLVO potential is obtained by combining the repulsive (5) and the attractive 
component (8) to give 
QAriQTzakTj^ , Ai2ia AFt =  ^  e x p { - K H )  -  (9) 
Figure 2 b shows the variation of the potential energy of interaction with distance of 
separation. 
Colloidal crystallization 
Charge stabilized monodisperse colloidal systems show interesting phase behaviors. 
If we observe the behavior of a colloidal suspension of monodisperse spheres thoroughly 
mixed by extensive tumbUng or sonication to randomize the particle positions and then 
left undisturbed thereafter, the final equilibrium state can be fluid-like, coexisting crys­
talline fluid phase or glassy [11, 12]. If the volume fraction <p < (pp = 0.494 , the freezing 
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concentration, the suspension shows no observable change with time and the equilib­
rium state is fluid like. For 4> > 4>m = 0.545 , the melting concentration, crystallites 
are formed that coexist with the fluid phase. The crystalline portion appecu^ iridescent 
due to Bragg reflection and typically settles due to gravity forming a sharp boundary 
at the fluid region. For <f> = ^ 0.58 a glass transition is approached, beyond which 
the particles stay in a metastable amorphous state created after tumbUng or sonication. 
Even though the crystalline state hcis a lower free energy, the concentration is so high 
that particle diffusion is hindered to the point that crystals do not form in the time 
scale. If the colloidal suspension is slowly evaporated, crystallites (Fig 3a, b) are formed 
at the bottom EIS well as on the walls of the contciiner [13, 14, 15]. The closepacked 
spheres arrange in an FCC lattice. However other lattice structure such as HCP, ran­
dom hexagonal close packed (RHCP) are possible depending on the time scale involved. 
The free energy difference between these configurations is very small. The FCC struc­
ture has a lower free energy than the HCP by O.OOSkT [16]. Shear forces resulting from 
surface tension of the suspension as well as gravity might be enough to favor the FCC 
structure over the other closepacked structure. Experiments performed in micro-gravity 
seems to indicate that colloids at melting volume fraction exclusively give RHCP where 
cis that grown in gravity tend to have a mixture of both FCC as well as RHCP [17]. 
The reason for crystallite formation in the case of concentrated suspensions is attributed 
to entropic reeisons and excluded volume or depletion attraction. Crystallite formation 
at walls of the containers supports this reasoning. However, other experiments have 
shown long range ordering in dilute suspensions under confinement [18, 19] and provide 
strong evidence for the presence of long range attractive forces [15]. The effect of deple­
tion attraction is more prominent in binary suspensions and can result in crystallization 
at volume fractions considerably lower than the freezing concentration [6]. Interesting 
phase behavior can be observed cis a function of the ratio of the diameters of the two 
spheres in the binary system [7]. 
Figure 3: a) SEM image of a crystallized monodisperse polystyrene spheres of diame-
cer=255nm into crystaline lattice, b) The SEM image shows the spheres are touching 
i-losepacked 
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Application to photonic crystals 
Photonic crystals swe produced by slow drying and crystallization from a suspen­
sion of polystyrene microspheres and nanocrystalline titanium dioxide. This requires 
that both particle in the suspensions have the same charge so that the resulting colloid 
remains stable. If the two types of particles have different charge types they would 
immediately agglomerate and precipitate out. The monodisperse polystyrene colloidal 
suspension made by free radical emulsion polymerization was obtciined from Seradyn, 
Inc. Indianopolis. The pcirticles have a net negative surfjice charge due to the sulfate 
groups, which terminate the polymer chains, and adsorbed surfactants from polymeriza­
tion. The titania powder which Wcis also obtained commercially from Tri-K Industries, 
New Jersey, were coated with sodium polyphosphate and also have negative charge when 
dispersed in DI water. The binary suspension remains stable between a pH of 8.6-9.0 
for solids concentration of up to 15%. The titania nanoparticle size of 15-30nm is con­
siderably smaller than the diameter (0.3/j.m — 0.8^m) of the polystyrene spheres used 
for templates. Under such level of concentrations one can expect that the presence of 
titania spheres can be disruptive to the ordering of PS spheres by (i) reducing long 
range interaction by reducing the Debye length (1), (ii) causing steric hindrance (iii) 
increasing the viscosity of the suspension and thus, restricting the Brownian motion of 
the PS spheres. Despite the fact that the PS spheres see a different effective medium 
whose properties are not sis good as that of pure water, colloidal crystallization still oc­
curs as will be seen in the forthcoming chapters. The fact that PS spheres are touching 
each other cifter crystcdlization with titania only in the intersphere regions [20] showing 
strong evidence of depletion interaction coming into play as the concentration increcises 
during the drying process. The crystals produced can be far from perfect because of 
the small energy difference between FCC and other close packed structures and also 
due to the possibihty of having random nucleating sites. In practice, colloidal crystals 
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so produced can have disorder, defects such as vacancies, stacking faults, twinning and 
polycystallinity. Unique stacking can be achieved by using template directed growth 
[21, 22] along non-twinning directions such as (100) but even in those cases large sample 
sizes can still possess a large number of defects. In the following section , their effects 
on the behavior of the band gap will be investigated. 
Effects of crystal imperfection 
For the crystals produced from self organized colloidal microspheres, the growth 
direction is typically along the [111] direction. By using the plane wave expansion 
method we can calculate the band diagram cdong the stacking direction for inverse close 
packed structures [23]. The refrcictive index contrast to observe a full gap in the HCP 
structure is 3.1 which is higher than that required for the FCC. The size of the gap is 
optimized for a filling fraction of air close to / « 0.8. However, upon reducing the index 
contrast to less than 2.6-2.7 to correspond to realistic situations such as with titanium 
dioxide, the full gap disappezurs but there is a stop band between the 2nd and the 3rd 
band (Fig. 4 a, b). A strong reflectivity peak corresponding to this stop band can be 
observed as this depends only on the local order. In the case when the stacking sequence 
is double hexagonal close packed (DHCP) with stacking sequence ABAC the full gap 
appears for an index of « 2.8 which is considerably lower than that in the HCP structure, 
and slightly lower than that for FCC structure. Additional forms of imperfection arise in 
the form of grain boundaries and vacancies. Transfer matrix simulations were performed 
for an FCC structure of air in dielectric medium of n = 2.23 with air filling fraction of 
0.6 where the position of the "atomic" sites can vary randomly by an amount d along 
each direction. An absorption value Im{€) = 0.1 was introduced to include the cases 
when the gap is near the absorption edge of the background material. 
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Figure 4: a) Photonic stop band for propagation along the [111] stacking direction of 
the inverse FCC lattice ais a function of the fiUing ratio. Stop band wavelengths are in 
units of d, the center-to-center separation between the spheres. A background refractive 
index of n=2 is used. Bands are displayed by Unes and band gaps are shaded. The 
longest wavelength stop band corresponds to the pseudogap. b) Photonic stop band for 
propagation along the (001) stacking direction of the inverse HCP lattice eis a function 
of the filling ratio. 
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For the case of no disorder there are two pronounced dips at both the pseudo gap 
and the full gap frequencies (Fig. 5). For a 10% disorder in ^ where a is the lattice 
constant, the dip corresponding to the pseudo gap is still observed but the features of 
the higher gap are no longer observed. For additioncd disorder, (20%) the pseudogap 
weakens as well. From these calculations it appears that the full gap is very sensitive 
to crystalline order, dielectric contrast and stacking sequences. The [111] low frequency 
gap in contrast is much more robust and is more likely to be observed with photonic 
crystals that are made using the self organization approcich. 
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Figure 5: Transmission through an FCC lattice of air spheres as function of the frequency, 
calculated with the transfer matrix method. Dashed line is the Ccise of the idecd crystal 
showing both the lower pseudogap and the higher full gap. Dotted solid lines are for 
disorder in the positions of the spheres where the mean positions of the spheres Eire 
displaced by an amount d/a of 0.1 and 0.2, respectively. A large system of 12 unit cells 
(36) layers was used in the stacking direction. A filling ratio of 0.6 and refractive index 
contrcist of 2.23 was used. A small absorption /m(e) =0.1 was used. 
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CHAPTER 3. OPTICAL PHOTONIC CRYSTALS 
SYNTHESIZED FROM COLLOIDAL SYSTEMS OF 
POLYSTYRENE SPHERES AND NANOCRYSTALLINE 
TITANIA 
A paper published in the Journal of Lightwave Technology 
G. Subramania, K. Constant, R. Biswas, M.M. Sigalas, K.M. Ho 
Abstract 
We have developed a novel ceramic processing technique to fabricate photonic crys­
tals with close-packed lattices of air pores in a dielectric background. The ordering of 
colloidal spheres and incorporation of the titania is performed simultaneously, in con-
trcist to other approaches. Excellent ordering of the lattice of eiir pores is achieved over 
domains extending over 100 fx. The photonic crystals exhibit a uniform color and a cor­
responding sharp peak in the reflectivity at the wavelength of the first stop band. The 
position of the reflectivity peak scales very well with the size of the air pores, providing 
strong evidence for photonic crystal effects. 
Introduction 
It is known that certain three dimensional periodic dielectric structures called pho­
tonic crystals (PC) can exhibit a frequency gap in which light cannot propagate similar 
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to an electronic bcind gap in semiconductors [1, 2, 3]. This can be achieved provided the 
conditions of sufficiently high dielectric contrast, suitable periodicity and dielectric filling 
ratio are met. Experimented verification of the photonic gap has been performed by dif­
ferent groups by fabrication of various periodic dielectric structures exhibiting photonic 
gaps ranging from microwave through millimeter up to infrcired wavelengths. Strong 
suppression of transmission with an associated peak in the reflectivity at the charac­
teristic frequencies is indicative of photonic gap. Possibility of manipulation of light 
emission inside the PC has potential applications in optoelectronics and photocatalysis 
provided these matericds can be manufactured to have gaps at opticsil frequencies. 
For optical frequency PCs sub-micron size periodic lattices are required which lim­
its the use of micoelectronic fabrication techniques. The self-assembly of monodisperse 
microsphere colloids into close-packed lattices (coUoidcil crystals) provides an easy al­
ternative for fabricating these structures. Theoretical studies [4] indicate that "inverse" 
close-packed structure i.e., close-packed lattice of low dielectric spheres with refractive 
index ni in a background of higher refractive index no is more suited for photonic gaps 
than the direct one. The spherical dielectric region can be air (ni = 1.0) which opti­
mizes the achievable refraictive index contrast of n = ^ = n^. A highly porous 
network with filling ratio of (20% — 30%) of high dielectric is needed for optimum pho­
tonic effects. Theoretical ccdculations have found the inverse fee structure to have a 
low-frequency stop-band. For high contrasts a high frequency three-dimensional band 
gap is also formed [4]. This higher-frequency band gap is very sensitive to disorder of 
the structure [4], HCP stacking yields similar results as well. 
Several groups [5, 6, 7, 8, 9, 10] have fabricated periodic lattices of submicron pores 
using colloidal crystals as templates. The open pore in an interconnected dielectric ma­
trix is obtained in a three step process. First, a colloidal crystal of latex or silica spheres 
is self-assembled to generate a template. Next the interstitial regions are infiltrated with 
ceramic (using a sol-gel process) [5, 6, 7, 9] or other materials [8, 10] followed by the 
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removal of template materials by ccdcination or etching. Electron micrograph images 
of these structures revealing ordered pores have been shown but definitive optical char­
acterization of these crystcil indicating photonic gap are absent. Prior to the synthesis 
of the inverse structure, several groups have successfully fabricated the direct struc­
ture of close-packed colloidal spheres and have experimentally probed photonic bands 
[11, 12, 13, 14, 15, 16, 17, 18]. 
Here we present a novel ceramic technique where the ordering of template micro­
spheres and introduction of background material is done simultaneously in contrast to 
the earlier papers. In addition to the evidence for the structure we will cilso present 
optical reflectivity data showing characteristic features that vary Unezirly with the pore 
size indicating the presence of photonic gap. 
Sample preparation 
We start with commercially available monodisperse polystyrene spheres and nano-
crystalline titania and make a suspension of the titania and polystyrene spheres. A few 
drops of this suspension is spread on a glass substrate and allowed to dry slowly over a 
period of ~ 24 hours in a humidity chamber. A humidity of 90-95 % was maintained 
at the room temperature of 25°C. As the suspension dries, regions of the film show 
characteristic color indicating spontaneous ordering of the spheres. The samples are 
then pressed in a cold isostatic press to improve the initial green density of the as-dried 
samples and to reduce stress cracks during subsequent heat treatment. The sample 
is slowly heated to 520''C for 5 hours whereby the polystyrene spheres cire burned off 
leaving behind air spheres in a titania matrix. Thin films with larger dimensions ~ 
10mm X 2 — 3mm czm be reproducibly synthesized in this way in much shorter times 
(~1 day) than with the infiltration technique [5, 8, 9]. 
Our thin film photonic crystals have shiny regions that are several millimeters across. 
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The color of these shiny regions depends on the size of the polystyrene spheres used, and 
is easily imaged with an optical microscope. Samples fabricated with 395 nm spheres 
exliibit bright green regions (Fig.l) With larger spheres (479 nm), the color shifts to 
a salmon-red color (Fig.2). Drying cracks, that are longer in the growth direction, are 
visible in the images. These drying cracks can be reduced by drying the samples in an 
autoclave. The drying cracks enclose large crystalline regions spemning more than 100 
unit cells across. Unlike previous reports [5, 8, 9] our films exhibit uniform color over 
large regions millimeters in size. We also fabricated a sample with 556 nm spheres that 
shows two distinct regions (Fig.3) with small magenta-colored domains of varying sizes, 
in a dark green background. 
Results 
Scanning electron microscope (SEM) images (Fig. 4) show hexagonal domains where 
hollow regions of air spheres are very well ordered in a triangular lattice. There are three 
dark regions inside each hollow region corresponding to the air spheres of the underly­
ing layer, indicating that the spheres are indeed close-packed. Wide view SEM images 
show large domains spanning from ~ 50/im to more than ~ 100/im with excellent order 
extending up to the drying cracks. The ordering of the spheres occurs during the initicd 
synthesis phsise and is not disturbed by the drying and heating process. Our crystals 
exhibit considerably better short-range and long-range order than the macroporous ma­
terials fabricated with sol-gel methods[6]. Our technique is very reproducible. We have 
synthesized several samples with identical optical properties by simply repeating this 
procedure. To generate the desired lattice spacing, we simply start with the required 
diameter of polystyrene spheres. 
SEM images of the two-color sample (Fig.3) reveal that the magenta regions occur 
from domains where air pores are ordered in a square lattice (Fig.5). Higher magnifi­
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cation SEM images of the square domains reveals four dark regions within each hollow 
region, consistent with the formation of the 100 crystal phase of the fee structure. The 
square domains cire enclosed by larger regions of triangular arrays of air spheres, that 
give rise to a dark background color. 
The SEM images (Fig.4) indicate that the crystalline grains in the film are highly 
oriented with the close-packed plcmes parallel to the substrate. Preferential orientation 
also exists in the close-packed plane probably due to stresses developing during the dry­
ing process. This alignment of crystal grains may prove very useful for applications and 
measurements especially in Cckses where a full photonic band gap does not exist in all 
directions of propagation in the crystal. Determination of the lattice constant indicates 
a small shrinkage of < 5% in the latercd direction of the film due to the heat treat­
ment and densification of the titania network. Experimented thickness measurements, 
before and after the pressing and heating process, indicate a larger shrinkage in the 
direction perpendicular to the film- which is expected sintering behavior for thin films 
on substrates [19]. The shrinkage does not afiect the existence of the stop band, but the 
wavelength of the stop band (or the position of the reflectivity peedc) is sensitive to the 
amount of perpendiculcir shrinkage in the lattice. 
Since the ordered films are thick (> lO/x), their transmission is small and the major 
optical signature is found in reflectance mecisurements. The specular reflectance at near 
normal incidence from our nanostructured films is shown (Fig. 6) for different sizes of 
polystyrene spheres as templates. The initial sphere sizes (Fig. 6, legend) were measured 
directly from SEM images of ordered arrays of polystyrene spheres. 
The prominent feature is a specular reflectivity peak for each structure, that sys­
tematically shifts from 1120 nm to 521 nm over the range of photonic crystals. The 
wavelength of the specular peak corresponds very well to the visual color of the samples. 
The larger pore samples have reflectivity peaks in the near-infrcu-ed. The magenta col­
ored domains of the 556 nm sample (Fig. Ic), correspond to the smaller short wavelength 
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peak in the specular reflectivity of the sample (Fig.6). 
The position of the observed reflectivity peak sccdes remarkably well with the dicime-
ter of the spheres (Fig.7), indicating that it is an intrinsic feature of the photonic crystcils. 
This is the first observation of the optical signature of a photonic crystal together with 
the required scaling with sphere size, which has not been seen in any previous work 
[5, 6, 7, 8, 9] on such templated PC's. 
In addition to the specular reflectivity peak (Fig.6), there is a gradual but featureless 
increase in reflectivity at longer wavelengths (above 1000 nm) in several samples (Fig.6). 
This is due to the rough surface of the PC's appearing smoother when probed at longer 
wavelengths. This increases the speculcir reflectivity, with a corresponding decrease of 
the diffuse reflectance at longer wavelengths, which we also observe. 
To model the optical measurements of our PC's, we performed photonic band calcula­
tions and calculated reflectivities from transfer matrix simulations [20]. Our calculations 
find that the peak arises from the wide stop band in the stau:king direction for close-
packed structures. For the fee structure this corresponds to the stop band between the 
lowest bands 2 and 3. Our Ccileulations find that the existence and position of the stop 
band in the stacking direction are insensitive to the stacking sequence of the spheres 
(fee (ABC) or hep (ABAB)) [20], and a signature of the short-range order. The stop 
band corresponds to the known pseudogap in the photonic densities of states, and per­
sists even for lower n ~ 2 over a large range of the volume fraction of the air pores in 
the interconnected dielectric [20]. To obteiin the refractive index of the titania in the 
photonic crystal, we measure the density of solid titania films under similar processing 
conditions. These were found to have a density of ~ 70% of the bulk value, leading to 
an estimated value of n ~ 1.9 for the titania in our structures. The refractive index of 
the baekgi'ound skeletal titania may be improved by sintering at higher temperatures. 
Quantitative calculations of peak wavelengths will be presented later, when accurate in-
terlayer spacings are determined from optical difirciction mecisurements, but prehminary 
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estimates indicate that the observed peak frequencies zire consistent with what we know 
about the geometry and filling fraction of the films. 
We have successfully fabricated Icirge-area optical photonic crystcils, with domains 
of 50-100 using a rapid, economiczil <ind reproducible ceramic technique. This new 
approach should open up new experimental observation of many novel effects involving 
the manipulation and propagation of light in these nanostructured matericds. photons 
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Figure 1: Optical image of photonic crystal made with 395 nm spheres, showing bright 
green color. 
38 
Figure 2: Optical image of PC made with larger 479 nm spheres, showing the shift to 
salmon-red color. The imaged regions are about 1 mm across. 
39 
Figure 3: Optical image of PC fabricated with 556 nm spheres, showing two distinct 
domains. The magenta colored domains result from growth along the 100 direction. 
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Figure 4: A high magnification SEM image of a PC made using 479 nm polystyrene 
spheres showing excellent long range order. The dark regions inside each hollow region 
correspond to the position of the spheres in the next layer. 
41 
< -"-r 
>: I 
Figure 5: SEM images of the two-color sample, showing ordering of pores in both trian­gular and square ordered domains. 
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Figure 6; Specular reflectivity measurements from photonic crystals, fabricated from 
spheres of varying diameter listed in the legend. The systematic shift in the reflectivity 
of the first peak is a true optical signature of the photonic crystals. 
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Figure 7: Wavelength of the primary reflectivity peak as a function of the diameter of the 
polystyrene sphere templates. The straight line is a linear fit to the peak wavelengths. 
Very good scaling is observed with sphere diameter. 
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CHAPTER 4. SYNTHESIS OF THIN FILM PHOTONIC 
CRYSTALS 
A paper accepted by Synthetic Metcils 
G. Subramania, K. Constant, R. Biswas, M.M. Sigalas, K.M. Ho 
Abstract 
We describe a synthesis procedure for fabricating thin film photonic crystals at opticcd 
length scales from a ceramic slurry of nanocrystalline titania and polystyrene spheres. 
Self assembly of the spheres is performed simultaneously with the introduction of the 
dielectric background. Thin film photonic crystals are grown on glass or semiconductor 
substrates. The photonic crystals are characterized with both surface and cross-sectional 
scanning electron microscope images. The photonic crystals exhibit a reflection peak and 
transmission dip at the wavelength of the first stop band. 
Introduction 
The use of self-assembly of colloidal crystals has emerged as a powerful technique 
for fabricating optical photonic crystals. The basic idea is to self-assemble a colloidal 
suspension of monodisperse microspheres and use this crystal as a template for intro­
ducing a higher refractive index background material. Once the background has been 
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introduced the template of spheres CeUi be removed by thermal or chemiccd means. Sev­
eral groups use the approcich of preforming the colloidal crystaJ template out of silica 
or polystyrene microspheres and then introduce the bcurkground material in the form of 
precursors [1, 2, 3, 4, 5], nanoparticles [6, 7, 8] , metals and polymers[9, 10, 11, 12]. An 
alternative approach is to introduce the background material while the ordering of the 
colloidal microspheres is occurring. Use of this technique to make thin film photonic 
crystals on substrates [6, 13] and bulk crystals by [7] has cilready been demonstrated. 
The former two-step technique has the advantage of being able to select a good quality 
template on to which infiltration can be performed with a wide choice of background 
material without regard to the behavior of the binary colloidal suspension. However, 
in many cases after drying and heat treatment, the scmiples, particulcirly those that cire 
made with ceramic precursors, tend to break up into smaller pieces, making it hard to 
handle and perform optical measurements. On the other hand, thin-film photonic crystal 
made using the simultaneous approach can produce samples that are larger in area and 
easier to handle zmd perform measurements. For thinner, good-quality samples we can 
observe a transmission dip at the wavelength of the reflection peak which further confirms 
the photonic gap. However the coUoidail chemistry of two-pzu-ticle suspensions becomes 
important for making good-quality samples. In this paper we will mainly describe the 
experimental detciil of making such thin film samples and show some pertinent results. 
Experimental 
First a suspension mixture of commercially available charge stabilized polystyrene mi­
crospheres and high surface area nanoparticle titania which is also commercially available 
is prepared. Before making the samples, the mixture is thoroughly sonicated to break 
up agglomerates. However, there is a considerable amount of hard agglomerates still 
present even after sonication. Spontaneous agglomeration of the pjirticles is prevented 
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by keeping the pH (~ 8.6) of the suspension above the isoelectric point of both types 
of particle. The charges on both particles have the Scune sign keeping the suspension 
stable. 
A few drops of this suspension is spread on a glass or silicon substrate and left to 
dry slowly in a humidity chamber nominally held at a temperature of 2\°C and R.H. of 
90 — 95%. The presence of a second material (titania nanoparticles) in the suspension 
does not disrupt the closepacking and ordering of the polystyrene spheres. During the 
sample growth process the substrate is held in a vertical position letting the suspension 
to form a pendant droplet. A thin meniscus is formed at the top of the droplet and the 
polystyrene orders at this interface due to convectional drying. The verticcil orientation 
of the substrate has two main advantages (Fig.la). One is that it enables the heavier 
agglomerated titania to settle to the bottom of the droplet. This can be seen readily 
as the ordered portion (Fig.lb) of the sample appears at the top end and the lower end 
region of the samples have considerable disorder (Fig.lc). There is a sharp boundary 
between the ordered portion and the disordered portion of the sample. Second, the 
liquid meniscus forms a smooth and thin surface which is retained on drying requiring 
no additional polishing of the samples. Samples were made by placing substrates at 
various different angles between horizontal and vertical. We noticed that the sample 
quality was the best in the Ccise of vertical orientation of the substrate and the worst 
in case of horizontal orientation. The width of the ordered region becomes thinner as 
the substrate approaches horizontal. This would suggest that removing agglomerated 
titania from the mixture would improve sample quality so that the suspension could be 
painted on to a very large area. Also the weight of the heavier bottom part of the liquid 
droplet imparts a surface-tension induced shear force on the top portion which promotes 
long range order along the vertical direction, as evident from the Moire pattern(Fig.2). 
Temperature and humidity inside the sample growth chamber also plays a significant 
role in determining sample quality. We found that a temperature between 18 —22^0 and 
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relative humidity in the range of 88 — 95% is optimal to obtain good quality samples. For 
temperatures higher than 22°C the drying occurs too fast for the agglomerated titania 
to settle out or for long range ordering to occur. At temperatures below \%°C the drying 
rate is much slower but with no significant improvement in the sample quality. There 
are vciriations in grain size from sample to sample made in the same batch which is to 
be expected eis the exact amount of suspension and the area over which it is spread 
on each substrate varies. Cleanliness of the substrates also affects the sample quality. 
This variation in sample quality does not appear to alter the position of the reflectance 
peak by more than 1 — 3%. Peak positions of 15 samples made with 395nm diameter 
template spheres is plotted (Fig. 3). The mean value of the peak wavelength 567nm 
with a deviation of 3nm . 
After the drying stage the samples are compacted in an isostatic press to a pressure of 
25 kpsi to promote better adhesion to the substrate and improve the green state density 
of titania. The polystyrene spheres are then removed by heating to a temperature of 
520"C for 5 hours. Our thin film photonic crystals made with this technique, have shiny 
colored regions that are several millimeters across, with the color of the photonic crystals 
depending on the size of the spheres used [13]. The 395 nm spheres give rise to a shiny 
green crystal. 
Results and discussion 
The thin film photonic crystals have a significant number of grain boundaries and 
drying cracks that scatter light strongly. Hence most samples cire translucent and the 
transmission through the photonic crystals is very small. However, we were able to 
fabricate extremely thin photonic crystal films on glass substrates with approximately 
10-20 fj.m thickness using the 395 nm spheres as a template. These were translucent 
and showed a dip in transmission at exactly the same wavelength as the peak in re­
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flection (Fig.5). At the short wavelength edge, the transmission recovers to about 5 % 
before scattering from defects dominates.This transmission data strongly supports the 
interpretation of the reflection peak resulting from the stop band of the colloidal crystcil. 
The different variables that determine the structure of our colloidal photonic crystal of 
ordered air pores eire i) the stacking sequence of the close packed layers of air pores, 
ii) the planar lattice constant, iii) the lattice spacing in the stacking direction, iv) the 
filling fraction of air and v) the refractive index of titania background. 
Several independent studies are in progress to self-consistently determine these struc­
tural variables. Here we discuss results on the lattice spacing and stacking sequence. 
The in-plane lattice parameter is meeisured directly from the SEM micrographs and 
found to be within 5% of the sphere diameter, indicating a minimal amount shrinkage 
during the ceramic processing. SEM images demonstrate that the top surface is a close-
packed plane. The lattice spacing in the stacking direction is substantially smellier than 
the in-plane lattice constant since isostatic pressing is used to order the spheres and 
improve the quality of the photonic crystal. Some samples were also made without the 
application of compaction. In those cases the peak position is found to shift to a lower 
frequency (fig. 5). It is well known that colloidal crystals may crystallize in various 
stacking sequences with ABC (FCC) being very close in energy to HCP (ABAB) or a 
random sequence of stacking. We have performed cross sectional SEM measurements 
and X-ray diffraction studies to determine the stacking. The cross section SEM images 
(Fig.6) of the photonic crystals next to the glass substrate show the air pores lining up 
in linear rows at an angle to the growth direction. This suggests FCC (ABC) stacking in 
the studied region, which is the only sequence that can generate such rows of air pores. 
A zig-zag sequence of ciir pores is expected from the HCP structure or other disordered 
packing sequences. Preliminary smadl angle X-ray diffraction measurements support this 
conclusion of FCC stacking [14] 
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Summaxy 
We have described in detail the procedure for making thin film photonic crystals from 
a suspension of polystyrene microspheres and nanoparticle titania. Hard agglomerates 
can result in disordered samples which can be circumvented by gravitationcil separation 
by holding the substrate vertical during growth. Efforts are underway to remove the ag­
glomerated particles and stabilizing the suspensions in order to form larger crystals. For 
thin samples a transmission dip is observed at the location of the reflection peak. Cross 
sectional SEM images suggest an FCC type ordering rather than a random closepacked 
or hep. Preliminary SAXS measurements seem to support this. Detailed measurements 
are in progress to confirm this. 
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Figure I: a) Scanning electron microscope (SEM) of the thin film photonic crystal on 
a glass substrate, showing the different regions present in the film. The highly ordered 
crystalline region is at the bright strip at the top of the film and the bottom of the film 
is disordered. The film is held vertically, b) SEM image of the close-packed lattice of 
air pores in the highly ordered region, c) SEM image of the disordered collection of air 
pores in the disordered region near the bottom of the film. 
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Figure 2: SEM image of the ordered photonic crystal. The Moire pattern demonstrates 
the extent of the domains which are longer in the growth direction. 
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Figure 6: Cross-sectional scanning electron microscope of a photonic crystal showing 
both the top surface and the region adjacent to the glass substrate. 
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CHAPTER 5. STRUCTURAL CHARACTERIZATION OF 
THIN FILM PHOTONIC CRYSTALS 
A paper to be submitted to Physical Review B 
G. Subramania, R. Biswas, K. Constant, M.M. Sigalas, K.M. Ho 
Abstract 
Recently there has been a tremendous increase in the experimental fabrication of 
photonic crystals composed of a wide variety of materials and possessing interesting 
structural morphologies. When these structures are probed for optical properties, veiri-
ous cissumptions are made regarding the structured detculs which are based on the syn­
thesis technique. In certain experimentcil approaches, drastic structural changes can 
occur during the intermediate processing steps. Techniques such as etching and heat 
treatment that are routinely used in photonic crystal fabrication can alter the chemical 
nature or change the phcise of the material left in the final product. In this paper we 
have proposed simple , non-destructive techniques for probing structured information of 
photonic crystals which can in principle be appUed to samples irrespective of processing 
technique used to fabricate the samples. We demonstrate this technique on thin-film 
inverse opal photonic crystals synthesized by colloidal self organization to estimate the 
fill fraction of air , c-axis compression and index of background material by compsiring 
experimental data with band structure calculations. We find that the thin film photonic 
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crystals can have a very high fill fraction (92 — 94%) with a considerable compression of 
c axis (~ 25%). 
Introduction 
We are familicu* with several materials and devices such as mirrors, lenses, prisms, 
gratings, waveguides and resonators that can manipulate electromagnetic wave propa­
gation. Over the last few years a new class of artificially engineered structures called 
photonic band gap materials have joined the list, offering yet another way of li<5ht ma­
nipulation. Such materials possess periodic alternating regions of high and low index of 
refraction in two or three dimensions and are characterized by a frequency gap where 
electromagnetic wave propagation is forbidden [1, 2, 3, 4, 5]. The wavelength of the 
gap is on the same length scale as the spatial modulation of the refractive index, mak­
ing it a considerable chcillenge to synthesize such materials for visible cind near-infrared 
frequencies. Understanding the optical behavior of naturally occurring opals [17] and 
their composition has paved the way for making photonic crystals at visible wavelengths. 
Monodisperse micron and submicron spheres of silica and polystyrene are readily avail­
able in colloidal form and under suitable conditions can self organize to form colloidal 
crystals of FCC type. However, in order to obtain a full three-dimensional photonic 
frequency gap, theoretical models [6, 7, 8] favor the "inverse" FCC structure that is, 
air in place of the spheres and high index dielectric materials. Further theoretical mod­
els [9, 10] indicate stringent requirements for full gap such as index contreist higher 
than 2.9 and minimal disruption of crystalline order. This has resulted in a wide va­
riety of different innovative approaches to making visible frequency photonic crystals 
based on the colloidal crystal templates. Index contrast is sought using a wide choice 
of background materials: polymers, metals, ceramic precursors, oxide nanoparticles and 
so on. Controlled crystal growth techniques have been developed by various groups 
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[11, 12, 13, 14, 15, 16] to deal with problem of disorder and other crystal defects. De­
pending on the approach the intermediate processing steps may introduce changes in the 
final structure obtained. For exaonple, shrinkage of the lattice structure when using sol 
gel precursors or oxidation of metal infiltrates can introduce certain unknowns which can 
show up as deviations in measured optical properties &om that obtained from simula­
tion. So, simple non-destructive measurements that can me made on the fully processed 
samples which gives us structured information can be quite useful. In this paper we de­
scribe optical spectroscopic methods used on thin-film photonic crystals made on glass 
substrates to obtain parameters such as the final refractive index of the background, 
filling fractions and interplanzir spacing. We compare the experimental data obtained 
with values obtained from computer simulations by Vcirying different parameters and 
fitting it. 
Sample preparation and features 
The thin film samples are grown on glciss substrates from a suspension that is a sta­
bilized colloidal mixture of monodisperse polystyrene microspheres and nanocrystalline 
titania. Details of the procedure are described in [18]. Samples mcide with different 
sphere diameters show peaks at different wavelengths that scale very well with the sphere 
diameter [20]. The peaks which are due to the pseudo gap, match the reflected color 
seen with the naked eye in cases of smaller lattice constants [19]. However the individual 
peak positions do not match those predicted from theoretical models under the assump­
tion of perfect FCC lattice. SEM images [19, 20] indicate that the crystal is stacked 
along the [ill] direction and peak positions of the pseudogap are relatively insensitive 
to stacking order and quite robust to small amount of disorder [9, 10]. The discrepancy 
is too large to be attributed to crystal quahty. One possible source for the mismatch 
between theory and experiment can be seen from the shift in the peak position for 
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the samples that undergo isostatic pressing to those without isostatic pressing (fig. 1), 
which might suggest that the out-of-plane lattice constcint might be non-idecil. Isostatic 
pressing was used to promote adhesion and to improve sample green strength before 
firing, as many of the samples fired without pressing tend to break apcirt. By making 
samples on substrates treated with appropriate surfactants this requirement might be 
eliminated. In addition to the isostatic pressing, during the firing stage other effects 
such cis thin film sintering [21], as well cis sintering behavior of nanopcirticles can leave 
certain structural information unknown. The gap position and properties depend on the 
following parameters whose exact values may have to be determined after the sample 
processing is complete: (i) In plane lattice constant, (ii) out of plane lattice constant, 
(iii) stacking sequence FCC (ABC) or HCP (ABAB) or other, (iv) filling fraction of 
the air spheres, (v) effective index of the background titania which is related to the 
porosity of titania matrix, (vi) shape of the air pores. In the following section, we 
will describe two non-destructive spectroscopic measurements: variable angle specular 
reflectance mecisurements and specular reflectance peak shift mecisurements, which are 
used to obtain filling fractions, interplcmar spacing and the index of the background 
material. The in-plane lattice constant is directly obtained from the SEM images. Typ­
ically, there is a shrinkage of ~ 5%. A lower limit on the index of the background titcinia 
was immediately obtained by infiltrating the crystals with liquids up to index values 
of 1.9. The structure wais still visible, indicating that the index of the background was 
indeed higher than 1.9. Liquids of higher index values were very viscous and dried too 
quickly to infiltrate the pores of the photonic crystal making it difficult to perform index 
matching. So a partial index matching technique was resorted to in which low refractive 
index liquids are infiltrated to measure the peak shift. 
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Bragg diffraction from photonic crystal 
When we measure the speculzir reflectance spectrum from the photonic crystals as 
a function of the incident angle, the peak shifts towards blue as the incident angle tilts 
away from the normal (fig. 2). This the first order Bragg difiraction which contcuns 
the information about the interplcinar spacing. If we assume that the system can be 
represented by a stcick of uniform dielectric slabs with a dielectric constant of rie// and 
thickness dm then a simple ancdysis cam be performed . Then the Bragg diffraction law 
describing this effect is given by 
2<iui(ne//- - cos^<^)2 = mX (I) 
Here dm is the interplanar spacing, n^ff is the effective refrau:tive index of the composite 
medium, and 0 is the angle of the incident beam with the surface. For first order 
diffraction (m=l) a plot of against cos^0 yields a straight line with a slope 4d^ 
and intercept AdPrieff. The experimentally obtained data points fit this plot very well 
confirming the validity of the of the diffraction theory of our photonic crystzd(fig. 3). 
From the slopes of the plots one can directly obtain the interplanar spacing (fig. 4) The 
compression along the [ill] eixis is 7 = ^ diameter of the air pores 
in the lateral direction measured from the SEM. Measuring the slopes and intercepts for 
photonic crystals synthesized from different diameter spheres, we obtained interplanar 
spacings that were contracted by 23 — 25% from the ideal value. The effective index 
n^ff falls in the range of 1.09 to 1.15, which is consistent with the values obtained from 
the infiltration experiments described in the next section. Such low values of rie// arise 
from large fraction of air in these photonic crystals. 
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Reflectance data of infiltrated photonic crystals 
Near-normal-incidence reflectance measurements probe the band structure along the 
TL direction [111] of the FCC structure. The frequency ul along the the stacking 
direction is given by 
^ (2) 
r i c f f  JTT T i c f f  a m  J  
where cq is the speed of light and is the wavevector at the L point. The effective refrac­
tive index of the crystzil rieff = "«//(/, "2, rii) cks defined by equation (2) is a non-linear 
function of the filling fraction /, the refractive index of the high index region 713, and the 
refractive index of the low index region ui, but is shown by photonic band calculation to 
be insensitive to (im for the structure studied here. Vcuying one of the pcU'ameters, say 
Til, varies Ue/f, which in turn shifts the gap frequency (reflectance peaks) according to 
equation (2). Experimentcilly, this can be accomplished by infiltrating the crystals with 
liquids of different refractive indices. Samples were infiltrated with caUbrated refractive 
index liquids with index values ranging from 1.3 to 1.39 obtained from Cargille Inc. 
Near-normal-specular-reflectance measurements were performed on samples made with 
400nm sphere templates using a Perkin Elmer Lambda-9 spectrophotometer and the 
shift in the peak position was plotted as a function of the index of the liquid infiltrated. 
A wide sample surface area (Gmm x Imm) encompeissing several grains was illuminated 
by the probe beam. The index liquids used for these measurements aire free flowing and 
are readily drawn into the porous network of the photonic crystcd by capillciry action. In 
order to determine the range of filling fraction we first consider the ratio of the L point 
wavelengths thereby eliminating the interplanar spacing (tfm) from equation (2) 
^e//(/) ^ 2) ^liq) 
^air 
The L point gap frequency is computed from photonic band structure calculations as a 
function of the filling fraction by first eissuming a refractive index of 2.7 for the titania 
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network {7x2). The computation is repeated for the case when liquid with index 1.3 is 
infiltrated (fig. 5) zind the ratio of the wavelengths for these two cases is plotted (fig. 
6) as a function of filling frziction, as in equation (3). Comparison with an experimental 
value of 1.245 for this case, we obtain a filling fraction of 0.92-0.94. From this value we 
once again extract the corresponding Tie// value from the band structure calculations. 
We use this value and the experimentally measured peak wavelength to determine the 
interpLancir spacing dm and also the compression along the c- axis 7, from the ideal 
FCC value from the following relation. 
Using equation (4) we obtain a compression of 23 — 25%. We recompute the wavelengths 
from the photonic band approach with the values obtained for filling fraction and com­
pression by still taking the value for n2 = 2.7. The values cire consistent with peak shift 
obtained for other index liquids (fig. 7). The structural parameters provide an excellent 
fit to the reflectivity peak wavelengths for the difi'erent sphere diameters (fig. 8). The 
fit to the optical data is insensitive to the stacking : both FCC cis well cis HCP yield 
the same results. The fits to the data can be obtained for the range n2 ~ 2.5 — 2.7. 
Lowering the value of n2 further reduces the compression and is not consistent with the 
optical data for n2 < 2.4. At the wavelengths of light corresponding to green, the theo­
retical value for the index can reach 3.0. The photonic crystal samples treated to higher 
temperatures (700''C — 800°C) do not show significant change in the reflectance peak 
position. This would indicate that the background titania might be highly densified and 
so no can be closer to the upper limit of 2.7. 
X l  — 2 n e f f d i i i  (4) 
(5) 
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Results and discussion 
We have shown here that we can use simple non-destructive techniques to charaicter-
ize photonic crystals and obtain structural information like out of plcuie lattice spetcing, 
fill fraction of air/dielectric. First, the technique of specular reflectance measurements 
from off normal incidence angle is quite powerful yet very simple and gives us cin inde­
pendent way to obtain the rie// and interplancir spacing. Knowledge of the interplanar 
spacing is quite crucial for comparing with any experimental data such as measurement 
of spontaneous emission suppression. For the thin-film photonic crystals synthesized here 
we obtain an interplanar speicing that is 23 — 25% smaller compared to the expected 
value for close packed stacking. 
By infiltrating the photonic crystcil samples with refractive index liquids with index 
values in the range of 1.3 - 1.4 we change the n^ff of the composite photonic crystal 
medium which shifts the reflectance peaks corresponding to L point to a higher wave­
length. The shift was predicted computationally by performing band structure calcula­
tions with various input parameters of air filling fraction, background refractive index, 
and c cixis compression, keeping the values of Ue// and compression within the limits of 
those obtained from variable angle spectroscopy. Under those constraints we obtain a 
filling fraction of air to be in the range of 92 — 94%. This values fit the peak positions 
obtained for the sphere diameter very well. 
In summary, we have demonstrated here a technique for chciracterizing photonic 
crystal samples after the processing has been complete. This technique can be applied as 
is or with minor modifications to characterize structural parameters of various different 
types of photonic crystals irrespective of method of preparation. 
We acknowledge Costas Soukoulis for many helpful suggestions and discussions. 
Ames Laboratory is operated by the US. Department of Energy by Iowa State University 
under contract No. W-7405-Eng-82. We also acknowledge support by the Department of 
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Figure 1: Plot showing the shift in the position of the reflectivity peak of the L point 
gap as a function of pressure applied at the isostatic pressing stage. Shift of peak to 
higher frequency may be the result of compression of the c axis. The sphere diameter 
used here is 770 nm . 
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Figure 2: Plot showing the specular reflectivity peak from a 550nm templated photonic 
crystal sample as a function of the incident angle. . 
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CHAPTER 6. SMALL ANGLE X-RAY SCATTERING OF 
THIN FILM PHOTONIC CRYSTALS 
A paper to be submitted to Physical Review B 
G. Subramania, K. Constant, R. Biswas, M.M. Sigcdcts, K.M. Ho; 
L. Lottermoser, C.Y. Song, A.Goldman; 
L. Lurio 
Abstract 
Thin film photonic crystals have been investigated using small angle X-ray scattering 
(SAXS). The X-ray data shows that the structure is closepacked and highly ordered, 
the diffraction pattern reveal may sharp Bragg peaks. From the pattern the structure 
factors can be extracted which allowed to determine the lattice parameter and the crystal 
structure. The analysis of grazing angle X-ray data seems to indicate a compression of 
30% from the ideal FCC interplanar distance. 
Introduction 
The tremendous interest in the fabrication of photonic crystcils in the visible and 
the near infrared h£is been motivated largely in part by potential applications in low 
threshold lasers, optical switches, opticcd fibers to name a few. There is also a great 
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interest in probing the effects of band structure to see more subtle effects of electromag­
netic propagation cts well as localization of light. Currently, the most common technique 
for fabricating visible-frequency photonic crystal involves using colloidal crystals formed 
by self organization. The colloidal crysteils so produced are usually closed packed and 
theoreticaUy, the FCC structure is preferred [1, 2, 3, 4, 5] but small variations in growth 
technique can result in obtaining HCP or other closepacked structures. Small angle 
X-ray (SAXS) data has been traditionally used for probing crystal structure data and 
recently has also been used to study colloidal crystal. 
Here we use SAXS to characterize inverse opal thin film photonic crystcils. The 
structural data obtained from this meeisurements provide input parameters for theoret­
ical simulations to model experimental structures as well as to confirm the validity of 
other approaches for determining structure [7]. 
Sample preparation and experimental setup 
The samples are made by spreading a suspension of polystyrene microspheres and 
nanocrystalline titania on a sihcon substrate and allowing it to dry slowly under con­
trolled conditions [6]. The dried samples are typically isostaticaUy pressed to improve 
green density and adhesion to substrate. The presence of a substrate is a problem for 
performing SAXS measurements as the substrate diffraction features would interfere 
with sample features. It is preferable that the thin film samples are free standing but 
the fired thin films are too delicate to be mechanically handled for measurements. To 
deal with this problem a film Uft-off procedure is used. The isostaticaUy compressed 
samples are well compacted so a small amount of water is spread around the edges of 
the sample. The water lifts the film off the surface of the sihcon substrate is free float 
on the thin water layer. The film is then carefully slid onto another silicon substrate 
with 100/xm x lOO/im holes etched into it so that the sample is positioned on the holes. 
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The sample on the silicon substrate with holes is then heat treated to 520''C for 5 hours 
to remove the polystyrene spheres, leaving behind free standing photonic crystal film 
over the holes. The samples can now be very easily handled and the X-ray spot can 
pass through the square hole in the silicon substrate and through the photonic crystal 
sample. 
The SAXS experiments were performed at the Advanced Photon Source at the Ar-
gonne National Laboratory, with IMM-Cat small angle beam line. The sample chosen 
was made with sphere template of 400nm diameter. The wavelength of the incident 
beam was 1.51 A°. The beam was focused to a narrow spot about 50/zm x 50^m. The 
flux at the sample Wcis around 10^^ photons s~^. The scattered radiation was detected 
by a CCD-camera which was located 5.6m from the sample. The cizimuthally averaged 
scattering intensity was obtained by dividing by the number of incident photons and the 
solid angle subtended by the detector pixel. 
Results and discussion 
Figure 1 shows X-ray scattering patterns of different parts of the colloidal sample 
using a transmission geometry. In this geometry the scattered intensity includes in-plane 
structural information. On most parts of the sample one could observe many unsplit 
Bragg peaks on a sixfold symmetry, which indicated that the air spheres in the titania 
matrix are ordered in a single photonic crystal. Figure la shows a typical scattering 
pattern of single photonic crystal. After translating the sample, doubling of each peak 
occurred (Fig. 1 b) indicating that beam wzis striking two slightly differently oriented 
grains. For some parts of the sample concentric rings could be seen eis shown in Fig. 
1 c. The ring-like pattern can be interpreted as the scattering of the incident beam on 
many randomly oriented photonic crystcdlites. In Fig. 2 the dotted line indicates the 
azimuthally averaged intensity over the concentric rings of Fig Ic as a function of the 
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scattering vector Q. The averaging background subtraction was also taken into account. 
For a quantitative interpretation of the scattering intensity it was assumed the essential 
sharpness of the curve can be described only by a form factor which is characteristic 
of the internal structure [8]. For the calculation the size distribution of particles must 
be taken into account. The solid line of Fig. 2 corresponds to a theoretical form factor 
calculated for homogeneous spheres with a number average of 280nm and a Gaussian 
distribution. For the best fit the standard deviation was found to be cr = 40nm. 
The average radius of 280 nm differs from the average radius of the polystyrene 
spheres of 200um specified by the manufacturer. This discrepancy can be explained by 
assuming that the polystyrene ordered in many randomly oriented crystallites with a 
lattice constant of 560nm. Figs. 1 a and lb suggest that the basic structural elements of 
the photonic crystcd are hexagonal layers. The in-plane lattice constant of a hexagonal 
layer formed by the air spheres is given by y/2 x 200 x 2 = 564nm which agrees with 
the average radius obtained by the fitting procedure. To obtain a ring pattern in the 
transmission geometry with 50/im x SO/zm wide X-ray spot, the beam must scatter on 
small crystallites which are randomly oriented along the beam direction. 
In order to investigate the c-direction further, the sample was re-mounted with the c-
direction perpendicular to the incoming beam. Figure 3 shows the intensity distribution 
along the c-direction after the beam impinged on the sample at a grazing angle. The 
scattering distribution has three broad maxima with almost equidistant Q-spacing {I = 
2.8 X 10~^n7n~^,5.5 x and 8.5 x 10~^nTn~^). For an ideal FCC structure 
with lattice constant oq = 568nTn, the absolute value of the reciprocal coordinate is 
|c*| = 1.9 X 10~^nm~^. If one associates the broad peaks with the (001), (002) and (003) 
reflections, the reciprocal space in the c* - direction is found to be 30% larger than in a 
perfect FCC structure. Hence in recti space the distance between the layer are compressed 
by 30%. This means that the ordered air spheres could not be perfectly spherical in the 
close packed structure. The diameter of the air spheres must be 30% shorter along the 
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c*-direction than within the hexagonzd planes. The shrinkage is expected to be caused 
during the isostatic pressing as well as during the heat treatment processes. 
In conclusion, a photonic crystal sample has been investigated using SAXS. The 
diSraction pattern of the sample provide clear evidence for the growth of well ordered 
photonic crystal. The obtained structure factors indicate a compression in the c-direction 
of 30% mostly the result of isostatic pressing and vertical shrinkage due to heat treat­
ment. 
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a) 
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L: 
c) 
Figure 1: X-ray scattering patterns of different parts of the colloidal photonic sample 
using a transmission geometry, a) shows a typical scattering pattern of a single photonic 
crystal, b) Diffraction pattern of apeirt of the sample where doubUng of each peak occur, 
c) Diffraction pattern of a part of the sample where concentric rings occur. 
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Figure 2: Azimuthally averaged intensity over the concentric rings of Fig. Ic as a 
function of the scattering vector Q. The dotted curve corresponds to the experimental 
intensity and the solid line represents the calculated form factor for homogeneous spheres 
with number average radius of 280nm and a Gaussian size distribution with the standard 
deviation of 40nm. 
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CHAPTER 7. GENERAL CONCLUSIONS 
Photonic bandgap materials in the visible and near IR frequencies is now slowly-
becoming a reality with experimental fabrication of these matericils. Most of these 
structures do not show full gap, which is the ultimate goal but the current efforts are 
a big step forward in this direction. In this dissertation it is demonstrated that we can 
fabricate three-dimensionally periodic dielectric structures of the inverse FCC type using 
colloidal crystallization. The technique is simple and fast and produces samples of good 
quality with potential for applications in the area of optics and optoelectronics. 
Chapter 2 described how colloidal chemistry can be suitably exploited for making 
photonic crystals using self organization. The conditions that are necessary for achieving 
FCC ordering over other closepacking possibilities of HCP or RHCP was reviewed. From 
theoretical ccilculations it was revealed that various minor modifications to the basic 
FCC structure can actually open up a fuU gap. Better understanding of the colloidal 
chemistry is required to be able to fabricate these proposed structures. In addition, 
imperfections such as lattice stacking sequence do not affect the gap position along the 
stacking direction . Disorder in the site positions as well as absorption destroys the full 
gap but the pseudogap is quite robust. 
Chapter 3 demonstrated that a three dimensional photonic crystal of the inverse 
FCC type of air spheres in a dielectric background (titania) can be fabricated from 
monodisperse polystyrene spheres and nanoparticle titanium dioxide. The processing 
time to produce a sample is approximately two days. The samples produced this way 
show medium to long range order as evidenced from the SEM micrographs . The specular 
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reflectivity peaks at chciracteristic frequencies show peaks which scale very well with 
lattice constant. Scunples made with sphere templates of 400nm show a bright green 
color after heat treatment where as the samples made with 474nm show a salmon red 
color. 
Chapter 4 described in detail the fabrication procedure for making thin film photonic 
crystals. It WEIS observed that the polystyrene spheres cam self organize in the presence 
of nanopcirticles in the aqueous suspension. The titania suspension contciins a significant 
amount of agglomerates which can destroy the order. This part needs to be physically 
separated from the ordered portion so as to obtain large area samples. The separation 
is achieved by holding the substrate vertical resulting in a sharp boundary between the 
upper ordered potion and the lower disordered portion of the sample. Gravity as well 
as shear forces are responsible for the phase sepeu'ation. 
Chapter 5 described two simple techniques to characterize the the structure of the 
photonic crystals. Specular reflectance measurements were made as a function of inci­
dence angle on samples made from different sphere sizes as templates. The reflectance 
peaks shift to a shorter wavelength as the incidence angle increases. Normal incidence 
specular reflectance data peeik shifts to a longer wavelength when a partial index match­
ing is performed by introducing refractive index liquids. By fitting the experimental 
data with the theoretical calculations it was found out the thin film photonic crystals 
have a very high filling fraction of jiir (92 — 94%) and have a compression along the [111] 
axis by as much as 23 — 25%. Compressing the [111] axis shifts the L gap frequency to 
higher values which provides a means of tunability. 
Chapter 6 described small angle X-ray scattering(SAXS) of the thin film photonic 
crystal samples. The transmission diffraction pattern indicated the crystalline nature of 
the sample. Measurements on different parts of the samples confirm the polycrystalline 
nature of the samples. Grazing angle measurements made to probe the c direction 
indicated that it is compressed by about 30% which is in good agreement with that 
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obtained through variable angle reflectance meetsurement and refractive index hquid 
infiltration techniques. 
In summary, this dissertation demonstrates a simple, inexpensive and robust tech­
nique for fabricating photonic crystals of the inverse FCC type that show gaps in the 
visible light frequency range. Observing the samples under optical and scanning electron 
microscopes confirm that the samples have the expected structures. Optical characteri­
zation on these samples using standard spectroscopic techniques demonstrates that these 
samples indeed show photonic gap. Certain non-destructive techniques that can be used 
for characterizing photonic crystals produced independent of fabrication technique have 
been developed. The sample quality can be improved by using better quality titcmia 
suspension which are completely dispersed. This can improve the size of the crystals 
as well as the crystalline order. Future work in fabrication could include synthesis of 
crystals using binziry or ternary colloidal systems, colloidzil templates with non-spherical 
particles as well as using nanoparticles with higher refractive index. This can produce 
interesting band structures some of which can open up full gaps. In the area of char­
acterization one can study the suppression of spontaneous emission of fluorescent dyes 
to probe the effect of the gap. By using larger sphere sizes (4 — 5^ ) we can also study 
emissivity properties of the crystal. 
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APPENDIX A CHARACTERIZATION TOOLS FOR 
PHOTONIC CRYSTAL SAMPLES 
Scanning electron microscopy 
Scanning electron microscopy (SEM) is an essenticil tool for studying the surfaces of 
photonic crystals as the feature sizes are of the right length scale. We can obtain the in 
plane lattice constant by analyzing the SEM image of appropriate magnitude (fig la, lb) 
of a photonic crystal surface using an image processing software. For photonic crystals 
made by this technique typically grow along the (111) direction so that a hexagonal 
arrangement of holes are visible. The sample inside the SEM is rotated by an appropriate 
amount so that the touching air spheres are in a horizontal row. The center of the air 
spheres is chosen with a best guess and the number pixels along the horizontal to the 
center of the n"* sphere is meeisured = N^p . The center to center distance of the spheres 
is then given by 
where is the number of pixels of the scale bar and / is the scale factor. The in-plane 
lattice constant in that row is then given by = \/2d. The procedure is repeated for 
each row of spheres in the image. A mean lattice constant is obtained by taking the 
average all the rows a =< a, >. This meeisurement is performed on images taken at 
various spatially separated portions of the samples to obtain a lattice constant. 
SEM can also provide a qualitative information on the samples such as surface debris 
, cracks which can ciffect spectroscopic mecisurements. In addition one very useful piece 
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of information that can be obtained about the samples is the degree of polycrystallinity 
which can be obtained by looking at the Moire patterns (fig 2a). Moire patterns are 
generated when the CRT scan Unes interfere with the periodic features on the sample 
surface. Polycrystalline samples show a lot of grain boundaries and the Moire patterns 
have a lot of discontinuities (fig 2 b). In case of a sample with low degree of polycrys-
taillinity the Moire patterns are continuous over a large area (figSa). Upon zooming into 
two regions on the same pattern that are fcur apart the hexagonal patterns cire oriented 
along the same way (fig 3 b, c). 
We can also obtain a qualitative idea of the crystallinity inside the sample by tilting 
the sample and viewing the ordering along the normal direction (fig 4a, b) or by breaking 
the sample in the middle and viewing the cross-section (fig 5a , b). For imaging the 
cross section, the sample is first infiltrated with epoxy and fine polished with talc. 
However during the grinding and pohshing process the samples tend to cleave cilong the 
closepacked plane making it really hard to get a perpendicular cut. 
Spectroscopic measurements 
The spectroscopic measurements form the basic tool for characterizing the photonic 
bandgap of the samples. Spectrail data for these samples were measured using a Perkin 
Elmer Lambda 9 spectrophotometer with a beam area of ~ 7 —8mm x 0.6 —8mm. Since 
the samples are made by self organization approach the beam area typically contziins a lot 
of grain boundaries. This results in a lot of scattering when transmission measurements 
are made. The transmission is pretty high at near IR frequencies but goes down rapidly 
near the gap and there is practically no recovery after the gap due to high scattering 
(fig 6a). Even in cases where there cire considerably fewer grain boundaries such eis the 
samples which give Moire patterns cis in figure 3 the recovery in transmission is no more 
than 7 — 8% (fig 6b). Specular reflectivity data is usually more informative as you can 
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observe peaks corresponding to the stop gaps along the (111) stacking direction and also 
pick up details of presence of other crystal faces (fig 7a). The absolute magnitude of the 
reflectivity is therefore not more than 10% even for the best samples made (fig 7b). 
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Figure 1: (a) SEM image of photonic crystal made from 770nm sphere templates (b) 
SEM image of a photonic crystal sample made from 400nm sphere templates. Images 
like these can be analyzed to determine the in plane lattice constant. 
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Figure 2: (a) Moire pattern from a typical photonic crystal sample. The sphere size 
for template here is 550nm. (b) Moire pattern from a poor quality sample. Several 
discontinuous Moire pattern indicate high degree of polycrystallinity. 
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Figure 3: a) Moire pattern of a good quality sample with larger grains and fewer grain 
boundaries, b) Magnified image of one end of the Moire pattern, c) Magnified image 
at anoiber end of the same Moire pattern indicating that the grain orientation remains 
the same . 
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Figure 4: a) View of photonic crystal through a drying crack shows the ordering the 
vertical direction, b) View through another crack region of the sample. 
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Figure 5: a) Cross sectional view of a sample made with 770nm sphere template. Elec-
cron back.scatter image shows regions of good order b) View through another region 
showing square order. The surface is difficult to polish using conventional grinding and 
polishing as the sample tend to cleave. 
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Figure 6: a) Transmission data from samples of different sphere sizes. The transmission 
goes down near the gap but the features are too broad to use transmission data to 
characterize the gap. b) Transmission data from a sample with fewer grain boundary 
shows a recovery of the transmission dip because there is less scattering but the value 
is at best 7 - 8%. 
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Figure 7; a) Reflection peak from a sample made with 552nm sphere template. The 
second peak comes from the (100) oriented crystallites within the predominantly (111) 
samples, b) Reflectivity peaks from different samples of 400nm template spheres indi­
cating absolute reflectivity values 
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APPENDIX B SAMPLE FABRICATION TECHNIQUES 
AND EXPERIMENTAL SETUP 
This appendix will describe the evolution of experiments that led to the method used 
for making thin film photonic crystals. Design of experimental apparatus will also be 
discussed here. 
Bulk sample 
Starting from the bcisic premise that the polystyrene microspheres self organize to 
form ordered closepacked structure while nanoparticle titamia filled the intersphere re­
gions, early experiments involved preparing bulk samples. Polystyrene colloidal suspen­
sion and nanoparticle titania suspension were mixed in 1:1 solids weight ratio so that 
there is sufficient titania to infiltrate the gaps between the spheres. In order to pre­
pare large samples suitable for mciking optical measurement as well as to promote good 
ordering the drying rate has to be kept low. So the vials containing the suspensions 
were kept covered by a damp paper towel and allowed to dry. The time taken for dry­
ing wcis approximately 3-4 weeks. The bulk samples usually cracked and yielded pieces 
about 0.5cm^ in volume. Due to the fact the titania suspension hjid huge agglomerates, 
only a portion of the bulk piece had close packed spheres. The samples were isostatically 
pressed to a pressure of 24 kpsi to promote green density before firing. The fired samples 
however did not show any iridiscence or color as the surface was quite rough. In order 
to investigate the ordering, the samples were encased in epoxy molds and were polished 
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to expose an ordered part of the samples. Polishing techniques were unsuccessful mostly 
due the fact that the fired structure is extremely porous resulting in polishing debris 
filling the pores of the exposed fcicets. Use of soft polishing material such as talc did not 
solve the problem as well. SEM measurements were performed on some of these samples 
indicated strong evidence for ordering (fig la, b) emd others show porous structure but 
do not appear to have any ordering (fig 2). In one case a droplet of the suspension wais 
poured into drinking straw which Wcis left undisturbed for over 4 weeks. The sample 
cifter heat treatment to remove the polystyrene spheres had a shiny appearance. Upon 
viewing the sample under the SEM excellent ordering amd closepacking was observed 
(fig 3a, b) even without polishing. The sample however was too small to perform any 
optical measurements. This implied two things: one is that the polystyrene spheres can 
self organize despite disruptive presence of titania nanoparticles ; second a smooth sur­
face may be obtained as a result of the surface tension of the drying suspension making 
polishing unnecessary. Now the next step was to extend this so as to form large ordered 
area on which optical measurements can be made. 
Thin film samples 
Circular drop 
Initial attempts at thin film samples involved putting a drop of the polystyrene 
/titania suspension onto a flat glass substrate and placing it in a humidity chamber held 
at room temperature. The humidity chamber mciinly consists of a dessicator jar where 
the dessicant is replaced by a saturated solution of CaNOj. At nominal laboratory 
temperatures (21°C — 23°C) the relative humidity inside the chamber can be greater 
than 90%. The droplet typically dried forming a ring with the material accumulating at 
the edges and the center is usuciUy depleted. Close packed ordering can be seen when 
samples are observed under microscope at the edge of the ring but was typiccilly too thin 
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for making optical measurements. The middle potions appeared porous but not quite 
ordered (fig 4). 
Dip coating and painting technique 
In the next attempt samples were made by dip coating technique. A clean piece 
of rectangular (~ 2.5cm x 0.8cm) vycor 7913 glass substrate was dipped into the 
polystyrene/titania colloidal suspension. The end of the vycor glass Wcis attached to 
a string which was wound on to the hour wheel of a wall clock assembly. This resulted 
in a slow pulling rate as the string wrapped around the hour wheel. The wall clock 
assembly was later replaced by step motor in order to be able to control pulling rate (fig 
5). The samples were heat treated to a temperature of 520''C to remove the polystyrene 
spheres. The sample showed colorful regions (fig 6 a, b)when observed through an 
opticcd microscope at SOX magnification indication ordered regions which were mainly 
concentrated near the interface of the suspension, substrate and air (in hindsight, this 
is an important observation as there is tremendous driving force at the interface that 
helps in closepacking an this fact Wcis later put to good use in the droplet technique). 
This was confirmed from the SEM pictures of the samples (fig 7 a, b, c). The sample 
made by this technique did not have a uniform thickness but was an encouraging step 
as some ordering can be seen without requiring to polish the sample. The clock was 
replaced by a step motor controlled pulley system that can draw the sample at a uni­
form rate. This still did not improve the uniformity of the film ais polystyrene spheres 
nucleated at random spots. The dip coating technique was then modified into a paint­
ing technique. The cuvette was filled with the suspension to the brim and was held in 
contact with the vycor substrate being drawn up at approximately 1mm per hour. The 
coUoidal suspension forms a meniscus at the contact edge cmd paints the substrate as it 
slowly moves upward (fig 8). The surface of these samples appeared quite smooth but 
were "bumpy" presumably due to the viscosity of the suspension. The sample surface 
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upon heat treatment had a uniform color but SEM micrographs revealed that they were 
not ordered. They appeared to have an arrangement indicating amorphous nature (fig 
9). These samples despite not having crystalline order show interesting opticeil features 
which systematiccilly shift to higher frequencies for samples made with smaller sphere 
diameters (fig 10). 
Droplet technique 
The droplet technique is basically developed out of the pulley technique. Every now 
an then the cuvette would loose contact with the glass substrate as is it moves up. In 
some cases the liquid droplet in contact would slide down. When the sample dried and 
was observed under the microscope, it was observed that the upper part of the droplet 
had very good order and the bottom part did not. This lead to suggest that the titamia 
is heavily agglomerated and the suspended droplet helps in extracting the agglomerated 
titania which sinks to the bottom. By the using this technique large area samples were 
made which were discussed in the earlier chapters. 
Suspension chemistry and growth conditions 
Commercially purcheised titania have huge amounts of agglomerates and the disper­
sion properties can vary significantly from lot to lot. Titania nanopowder used for this 
project was obtained from Tri-K industries. The powder is rutile and the particles are 
coated with sodium polyphosphate to improve dispersion in water. The titania powder 
disperse in DI water at a pH of ~ 8.7. However significcuit difference in sample quality 
was observed when samples were made using titania from different lots. The width of 
the ordered section were thinner if the titania suspension itself had agglomerates and did 
not disperse very well in suspension. The sample quahty can been improved to a limited 
extent by adding small quantities of sodium polyphosphate (typicEiUy 2 — 4% of titania 
weight) to the titania suspension. Removing the larger agglomerate by centrifugation 
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of the titania slurry can also improve the quality of samples. But the samples still have 
two phases: the top ordered region and the bottom disordered region. Nanoparticles 
< lOOnm can be extracted from the suspension by ultracentrifugation to 25000 r.p.m. 
However, the weight fraction of the suspension becomes extremely small. Concentrat­
ing the suspension to higher weight fraction can lead to re-agglomeration. Once this 
problem has been addressed and solved, it might be then possible to produce large area 
crystals by the painting technique. 
The environmental conditions are important during photonic crystal growth. Drying 
at a typical temperature between 21° — 22''C and a humidity of ~ 90% seems to give 
best the samples provided the suspensions are well dispersed. Temperature higher than 
that or lower humidity causes the samples to dry too quickly for the polystyrene to form 
ordered structures. However sometime the laboratory temperature can be somewhat 
higher than this value. A simple solution for this problem is to put the humidity cham­
ber in refrigerator which is connected to inverse action thermostat which turns on the 
refrigerator every time the temperature shoots over the set value, (fig 11). 
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Figure 1: SEM picture of 552nin templated sample imaged after the fired sample was 
polished to expose a smooth surface, a) The polishing process is not very efficient ! b) 
Fired saunple that has not been polished yet. 
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Figure 2: SEM of a bulk region shows no ordering. Sample was made using 300nm 
cemplate spheres. 
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Figure 3: a) SEM of a bulk sample showing pretty good order, b) A wider view image. 
The samples were made using a 552nm sphere template. 
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Figure 4: SE\f of a thin film sample produced by using 300nm sphere template. This is 
an image of the central region which appears to be quite disordered. 
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Step motor pulley assembly 
1 mm/hr puOmg rate 
Glass substrate 
Polystyr^e -h titania su^ension 
Figure 5: A schematic of the dip coating technique. The substrate was slowly drawn 
upwards at a rate of approximately 1mm/hour with a step motor assembly. 
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Figure 6: Images of samples made with 400mn sphere templates under an optical mi­
croscope a) After firing there appears to be some colorful parts which under SEM show 
ordered regions, b) Image of a different region 
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Figure 7: a) Low mag SEM image of photonic crystal made from 400nm spheres as a 
template, b) The interface ne<u: the air and the suspension region showing some ordered 
regions, c) A close up view of the ordered portion 
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1 mm/hr pulling rate 
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suspension 
Figure 8: A schematic of the paint coating technique. The substrate is fixed to a flat plate 
which is slowly drawn up by the motor. A cuvette containing the colloidal suspension is 
brought in close contact with the substrate. As the substrate moves up, the suspension 
is painted on to the glass substrate. The whole unit is placed inside a humidity chamber 
(R.rr. ~ 90%) so that the painted on suspension dries slowly. 
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Figure 9: a) SBM of samples made with 770nm sphere templates using the painting 
technique. The sample appears amorphous and glassy, b) A higher magnification image 
from samples using template spheres of 550nm 
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Figure 10: Specular reflection data from samples made by paint coating technique. The 
spectrum reveals peaks that shift systematically to higher frequencies as the size of the 
polystyrene spheres is reduced. 
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Inverse action 
thermostat 
Refrigerator 
Figure 11: Schcmatic of a simple constant temperature chamber using a small refrig­
erator controlled by inverse action thermostat set at required temperature value. The 
refrigerator is turned for a short period of time if the temperature goes above a set value. 
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